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AI3 STRACT 

An express ion  w a s  developed f o r  t he  k i n e t i c  energy transformed 
i n t o  work, h e a t ,  and sound during the  impact of a model of a s p h e r i c a l  
r e a c t o r  containment vessel and a concre te  block.  The express ion  i s  a 
func t ion  of t he  masses, Newton's c o e f f i c i e n t  of r e s t i t u t i o n ,  and t h e  

e i n i t i a l  v e l o c i t i e s  of t h e  two masses. The energy transformed i s  shown 
m t o  be cons tan t  f o r  two given masses with a given c o e f f i c i e n t  of  resti- 

I t u t i o n  impacted a t  a cons tan t  r e l a t i v e  v e l o c i t y  between the  masses. 
The t o t a l  energy transformed i n t o  work, h e a t ,  and sound i s  shown t o  be  
less than the  k i n e t i c  energy of t h e  smaller mass due t o  t h e  re la t ive 
v e l o c i t y  between t h e  masses. 
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SUMMARY 

The k i n e t i c  energy transformed i n t o  work, h e a t ,  and sound during 
t h e  impact of a model s p h e r i c a l  r e a c t o r  containment vessel and a r e i n -  

.j- 

m 
I 

4- forced  concre te  b lock  w a s  i nves t iga t ed .  An express ion  w a s  developed f o r  
a t h e  k i n e t i c  energy transformed i n  terms of t h e  r a t i o  of t h e  two masses, 
w Newton's c o e f f i c i e n t  of r e s t i t u t i o n ,  t h e  mass of t he  model, and t h e  in -  

i t i a l  v e l o c i t i e s  of t h e  two masses, 
___ 

The equat ion obtained showed t h a t  t he  t o t a l  energy transformed i n t o  
damage t o  t h e  test model could n o t  be  g r e a t e r  than  t h e  k i n e t i c  energy of 
t h e  smaller m a s s  ( t h e  s p h e r i c a l  model) due t o  t h e  relative v e l o c i t y  be- 
tween t h e  two masses. 

Two methods of t e s t i n g  w e r e  considered:  (1) A model sphere  w a s  ac- 
c e l e r a t e d  t o  test v e l o c i t y  and w a s  impacted i n t o  a s t a t l o n a r y  concre te  
b lock ,  and (2)  t h e  concre te  b lock  w a s  a c c e l e r a t e d  t o  test  v e l o c i t y  and 
w a s  impacted i n t o  a s t a t i o n a r y  model sphere.  The equat ion  f o r  t he  energy 
transformed w a s  t h e  same f o r  bo th  cases. Thus, t he  equat ion showed t h a t  
t h e  t o t a l  energy transformed i n t o  work, h e a t ,  and sound dur ing  impact i s  
eons t an t  f o r  two given masses wi th  a given c o e f f i c i e n t  of r e s t i t u t i o n  
(of t h e  same materials and cons t ruc t ion )  t e s t e d  a t  t h e  same relat ive 
v e l o c i t y  

INTRODUCTION 

Sa fe ty  requirements  f o r  a mobile nuc lea r  propuls ion  system d i c t a t e  
t h a t  t h e  nuc lea r  r e a c t o r  must be contained w i t h i n  a s p h e r i c a l  containment 
vessel i n  the  event  of a severe acc iden t ,  Impact tests between model 
containment vessels and r e in fo rced  concre te  b locks  have been conducted 
t o  v e r i f y  t h a t  severe impacts could r e s u l t  i n  l a r g e  deformations of t h e  
containment vessel without  r u p t u r e  o r  leakage of t h e  vessel ( r e f .  1). 

The purpose ~f t h i s  r e p o r t  i s  t o  examine and t o  compare t h e  energy 
changes that occur f o r  two methods of impact t e s t i n g .  A model test in -  
vo lves  t h e  impact of  a s p h e r i c a l  model containment vessel and a much 
heav ie r  r e in fo rced  concre te  block.  

I n  t h e  f i r s t  method of t e s t i n g ,  t he  model o r  b a l l  is  i n  motion and 
the  b lock  i s  s t a t i o n a r y ,  The model csntafnment sphere i s  mounted on a 
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rocke t  s l e d  which is locked t o ,  and cons t ra ined  Lo fo l low t h e  steel 
t r a c k s  of t he  rocke t  test run as shown i n  f i g u r e  1. Rockets accelerkte 
t h e  s l e d  wi th  t h e  model up t o  test v e l o c i t y , ,  A s h o r t  d i s t a n c e  ahead of  
t h e  impact s i t e  t h e  s l e d  ca r ry ing  t h e  b a l l  i s  de f l ec t ed  i n t o  ci p i t  and 
i s  destroyed.  The spherical .  model 5s r e l e a s e d  from t h e  b a l l  sded and 
f l i e s  a t  impact test v e l o c i t y  i n t o  t h e  f a c e  of a s t a t i o n a r y  r e in fo rced  
concre te  b lock ,  

1 

The b a l l  may rebound of f  t h e  b lock  wi th  r e s i d u a l  k i n e t i c  energy,  
The i n i t i a l  k i n e t i c  energy i n  t h e  model sphere  i s . r e d u c e d  during t h e  
impact by the  h o u n t  of k i n e t i c  energy t r a n s f e r r e d  t o  the block and by 
energy t r a n s f s m e d  i n t o  b a l l  damage, block damage, h e a t ,  and sotand, 
The maximum change i n  k i n e t i c  energy i n  t h e  b a l l  occurs  when a l l  of t h e  
k i n e t i c  energy due t o  i t s  i n f t f a l  v e l o c i t y  i s  e i t h e r  t r a n s f e r r e d  o r  
transformed dur ing  t h e  impact,  

' 

This test  procedure has  t h e  disadvantage t h a t  ins t rumenta t ion  
mounted on the model o r  s l e d  i s  destroyed durlng t h e  impact. 

I n  t h e  second test procedure,  t h e  b l ack  is  i n  motion and t h e  b a l l  
is s t a t i o n a r y ,  The s t a t i o n a r y  model s p h e r i c a l  containment vessel is 
pos i t i oned  on a s t y r o f o m  p e d e s t a l  between t h e  rails of t h e  rocke t  test 
run  at t h e  impact s i te.  The b lock  i s  mounted on a rocke t  s l e d ,  The 
s l e d  and block are acce le ra t ed  up t o  impact test  velocity, The block 
impacts w i t h  t h e  model a t  impact test  v e l o c i t y  and i s  subsequent ly  
stopped w i t h  a water brake,  A schematic of t h i s  test i s  shown i n  f i g -  
u r e  2, A photograph of t he  model and block are shown be fo re  t h e  test 
i n  f i g u r e  3 ,  

I n  t h i s  ease, t h e  ehange i n  k i n e t i c  energy of the  b lock  r e s u l t s  i n  
k i n e t i c  energy i n  t h e  ball, damage t o  t h e  b a l l ,  damage t o  t h e  b lock ,  
p l u s  the  energy transformed i n t o  h e a t  and sound. Ins t rumenta t ion  f o r  
t h e  model i s  mounted away from the  model a t  a d i s t a n c e  from the  impact 
s i t e  and i s  not  damaged i n  t h e  impact test. Figure 4 is  a photograph 
of t he  hollow sphere  model a f t e r  impact,  F igure  5 shows a b lock  damaged 
dur ing  an impact tes t ,  

In t h e  f i r s t  method of t e s t i n g ,  t h e  maximum t o t a l  change i n  energy 
I n  t h e  second i s  l i m i t e d  by t h e  i n i t i a l  k i n e t i c  energy i n  the  b a l l ,  

method, t h e  much l a r g e r  mass of t h e  b lock  has  much more energy a t  tesE 
v e l o c i t y ,  
t han  in E:he f i r s t  method when t h e  masses of t h e  b a l l  and block are t h e  
same f o r  a. given impact ve8oc i ty0  

Greater energy changes occur  i n  the  second method of t e s t i n g  

The problem to be i n v e s t i g a t e d  i rmolves t h e  k i n e t i c  energy t rans-  
formed i n t o  block damage, b a l l  damage, h e a t ,  and sound for t h e  two meth- 
ods of t e s t i n g ,  A r e  t h e  methods equiva len t?  Is t h e  damage t o  t h e  block 
and t h e  model t h e  s m e  f o r  bo th  methods o f  t e s t i n g ?  
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SYMBOLS 

c o e f f i c i e n t  of r e s t i t u t f s n  

k i n e t i c  energy, J 

m a s s  r a t i o ,  m /m 

m a s s  , kg 

initial vePoci ty  , ms 
-1 f i n a l  v e l o c i t y ,  ms 

2 . 1  

-1 

-1 
Ul - u2, ms 

Subsc r ip t s  : 

b a l l  

b lock  

constane 

damage 

h e a t  

sound 

t r a n s  formed 

The procedure f o r  t h e  a n a l y s i s  is  t o  w r i t e  an equatfon f o r  energy 
changes t h a t  occur during the  impact. Equations f o r  t h e  eonse rva t i sn  of 
momentum and f o r  Newton's c o e f f i c i e n t  of r e s t i t u t i o n  can be  so lved  f o r  
t h e  v e l o c i t y  a f t e r  impact sf each SS t h e  masses i n  terms of t h e  initfal 
v e l o c i t i e s .  With t h e  v e l o c i t i e s  known be fo re  and a f t e r  t h e  impact,  t h e  
changes i n  t h e  k l n e t i c  energy can b e  c a l c u l a t e d  f o r  each of the  massesm 
These equat ions  can be s u b s t i t u t e d  i n t o  t h e  equat ion  f o r  energy changes 
t h a t  occur during impact t o  o b t a i n  an equat ion  for t h e  total energy trans- 
formed i n t o  b a l l  damage, block damage, h e a t ,  and sound, The r e l a t i o n  ob- 
t a ined  w i l l  be  examined t o  compare the  two  methods of t e s t i n g  wi th  re- 
s p e c t  ts s fmi l f tude ,  

Equation (1) def ines  the  total transformed energy t e r m ,  
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This equat ion  seates t h a t  t h e  t o t a l  k i n e t i c  energy transformed i s  equal  
t o  t h e  , sum of t h e  energy components transformed i n t o  b a l l  damage, block 
damage, hea t  and sound, The change i n  k i n e t i c  energy dur ing  i m p a c t  m y  
then be  expressed 6 

BEl = AET -1- AE2 ( 2 %  

This  equat ion  applies t o  t h e  f i r s t  method o f  t e s t i n g  wi th  t h e  b a l l  i n  
motion, It states t h a t  t h e  change i n  t h e . k i n e t i c  energy of t h e  ba lS  i s  
equa l  to t h e  energy transformed p l u s  t h e  i n c r e a s e  i n  t h e  k i n e t i c - e n e r g y  
of t h e  block.  

Wi%h %he block i n  motion t h e  enefgy ba lance  becomes 

This  equat ion  shows t h a t  t h e  change i n  k i n e t i c  energy of t h e  block i s  
always g r e a t e r  than the  change i n  kinet ic .  energy of the b a l l  f o r  an in -  
e las t ic  impa e t  0 

The mass of t h e  block is several t i m e s  t h e  m a s s  of the b a l l .  This  
may b e  w r i t t e n  

where K is  t h e  mass r a t i o .  Thus, t h e  block moving a% an fmpacls velsc- 
i t y  V has K t i m e s  as much i n i t i a l  k i n e t i c  energy as t h e  ball h a s  when 
t h e  b a l l  impacts t h e  s t a t i o n a r y  b lock  a t  t h e  same v e l o c i t y  V, 

Equation ( 2 )  shows t h a t  t h e  change i n k i n e t i c  energy of t h e  block i s  
one component of  t h e  change i n  k i n e t i e  energy of t h e  b a l l  €os t h e  moving 
b a l l  test procedure,  I n  t h i s  case, the  change i n  k i n e t i c  energy of t h e  
b lock  i s  always less than o r  equa l  t o  t h e  change i n  k i n e t i c  energy of t h e  
b a l l ,  

Equation (3)  shows t h a t  t h e  change i n  k i n e t i c  energy of the  b a l l  3s 
one componene: of t h e  change i n  k i n e t i c  energy of the  b lock  f o r  t h e  moving 
block test procedure,  I n  t h i s  ease, t h e  change i n  k i n e t i c  energy of the  
block 2s always g r e a t e r  t han  o r  equa l  t o  t h e  change i n  kinet ic  energy of 
t h e  b a l l .  

Conservation of momentum y i e l d s  

mpul 9 n2u2 = m v 4- m v 11 2 2  

S u b s t i t u t i o n  of equat ion  ( 4 )  i n t o  equat ion  (5) reduces t h e  equat ion  t o  

u 9 Ku2 = v 9 Kv2 k l 

where "1 i s  t h e  v e l o c i t y  of t h e  b a l l  and u2 i s  t h e  v e l o c i t y  sf t h e  
bloek be fo re  impact;  and VI is t h e  v e l o c i t y  of t h e  b a l l  a n d  v2 fs- 
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i 
The c o e f f i c i e n t  of  r e s t i t u t i o n ;  t he  v e l o c i t y  of t h e  block a f t e r  impact.. 

as def ined  by Newton is ( r e f .  2) 

- 1 

"1 - "2 
e -  

Solving equat ions  (6)  and (7)  f o r  t h e  v e l o c i t i e s  a f t e r  impact y i e l d s  
( r e f ,  3). , 

Thus, t he  v e l o c i t i e s  of bo th  masses a f t e r  impact are func t ions  of t h e  ve- 
l o c i t i e s  be fo re  impact,  t h e  mass ratio, and t h e  c o e f f i c i e n t  of r e s t i t u -  
t i o n  

The change i n  k i n e t i c  energy of t h e  b a l l  i s  given by 

BEl = - ml (Ul 2 - Yf> 
2 

S u b s t i t u t i o n  from equat ion  (8) i n t o  (10) y i e l d s  an  equat ion  f o r  t h e  change 
in energy of t h e  b a l l  involv ing  only  t h e  v e l o c i t i e s  of t h e  masses"before 
impact 

Following t h e  same procedure f o r  t h e  b lock ,  we have 

and 

S u b s t i t u t i o n  of  equat ions  (In> a ~ d  (13) i n t o  equat ion  (2) a f t e r  
s i m p l i f i c a t i o n  y i e l d s  an  equat ion  f o r  t h e  t o t a l  transformed energy, 



6 

This  a n a l y s i s  has  assumed t h a t  t h e  i n i t i a l  v e l o c i t y  of t h e  block 
(u2) w a s  Less than t h e  i n i t i a l  v e l o c i t y  of t h e  b a l l  ( u l ) .  
equa t ions  would be  obta ined  i f  t h e  block i s  assumed t o  have the  g r e a t e r  
v e l o c i t y ,  The only d i f f e r e n c e ,  however, would be a change i n  t h e  s i g n  
of equat ions  (IO) through (13).  The o rde r  of t h e  v e l o c i t i e s  i n  t h e  ve- 
l o c i t y  d i f f e r e n c e  term of equat ion  (14) would be reversed ,  b u t  t h i s  
change would no t  a f f e c t s t h e  va lue  obta ined  f o r  t h e  t o t a l  energy t r ans -  
formed * 

D i f f e r e n t  

With t h e  proper  i n t e r p r e t a t i o n  of t he  s i g n s  obtained f o r  t h e  changes 
i n  energy, t h e  equat ions  presented  may b e  appl ied  t o  both cases. 
of t h e  two masses involved i n  an impact may have t h e  g r e a t e r  v e l o c i t y .  

E i t h e r  

DISCUSSION OF RESULTS 

L e t  t h e  k i n e t i c  energy of t h e  b a l l  due t o  t h e  relative v e l o c i t y  of 
t he  b a l l  wi th  r e s p e c t  t o  t h e  block be denoted by Ep2. Then E12 i s  
given by the  q u a n t i t y  i n  b r a c k e t s  i n  equat ion  (14).  L e t  t h e  impact ve- 
l o c i t y ,  V = u l  - u2. 
v e l o c i t y  between t h e  b a l l  and t h e  block becomes 

The k i n e t i c  energy of t h e  b a l l  due t o  the  relative 

For a given mp and V ,  E12 is  equal  t o  E l c ,  a cons tan t .  When va lues  
are s e l e c t e d  f o r  t h e  mass r a t i o ,  K and t h e  v e l o c i t i e s  u 1  and "2, t h e  
energy changes given by equat ions  (ll), (13) ,  and (14) become func t ions  
of t h e  c o e f f i c i e n t  of r e s t i t u t i o n ,  e. For each va lue  of e (0 < e d ' l ) ,  
t h e  equat ions  may be  eva lua ted  t o  o b t a i n  energy changes equa l  t o  a f a c t o r  
N t i m e s  t h e  k i n e t i c  energy of  t h e  b a l l ,  E l c e  

S u b s t i t u t i o n  of E l c  i n t o  equat ions  ( l l ) ,  (13) ,  and (14) y i e l d s  t h e  
fol lowing equat ions .  

K - 
- (K 9 1)2 

K BE = 2 (K =+ 

[ ( 2  9 K - Ke)ul 9 K ( 1  9 e)u2]Elc = N I E l c  1 9 e  
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Some graphs of s p e c i a l  cases are shown i n  f i g u r e s  6 t o  8. A va lue  
of 10 i s  used f o r  t h e  m a s s  r a t i o  K. The c o e f f i c i e n t  N i n  equat ions  
(17) t o  (19)  i s  p l o t t e d  on the  o r d i n a t e ,  and t h e  c o e f f i c i e n t  of r e s t i t u -  
t i o n  e which varies from 0. t o  1. i s  p lo tked  on t h e  absc i s sa ,  

Figure 6 shows. the energy changes t h a t  occur  dur ing  an impact of  
two masses having a mass r a t i o  of 10 w i t h  c o l l i n e a r  v e l o c i t i e s .  The 
l a r g e r  m a s s  i s  s t a t i o n a r y ,  b u t  i s  assumed t o  b e  on r o l l e r s  s o  t h a t  i t  
can receive k i n e t i c  energy from t h e  impact. 

When t h e  c o e f f i c i e n t  of r e s t i t u t i o n  i s  0. t h e  impact i s  s a i d  t o  be  
p e r f e c t l y  p l a s t i c .  The b a l l  impacts t h e  b lock ,  and both  masses cont inue 
t o  move at a lower b u t  t he  same v e l o c i t y ,  The p l a s t i c a l l y  impacted b a l l  
r e t a i n s  some of i t s  o r i g i n a l  k i n e t i c  energy. The graph shows t h a t  t h e  
t o t a l  energy transformed i n t o  work, h e a t ,  and sound f o r  t h i s  case i s  a 
maximum, But,  t h e  t o t a l  energy transformed i s  always less than t h e  in-  
i t i a l  k i n e t i c  energy of t h e  b a l l  a t  impact v e l o c i t y .  

As t h e  c o e f f i c i e n t  of r e s t i t u t i o n  inc reases  t o  1 .0 ,  t h e  amount of 
energy transformed drops t o  0. For t h i s  v a l u e ,  t h e  impact i s  t h e o r e t i -  
c a l l y  p e r f e c t l y  e las t ice  K i n e t i c  energy i s  t r a n s f e r r e d  from the  ball .  t o  
t h e  b lock ,  and no energy is transformed i n t o  work (damage), h e a t  , and 
sound 

Figure 7 i s  a graph of t h e  energy changes t h a t  occur  when a moving 
block impacts a s t a t i o n a r y  b a l l .  Again t h e  r a t i o  of  t h e  mass of t h e  
block t o  t h e  m a s s  of t h e  b a l l  is  10. The equat ion  f o r  t he  t o t a l  energy 
transformed i n  f i g u r e  7 is  t h e  same as i n  f i g u r e  6 .  I n  t h i s  case t h e  
block having t h e  l a r g e r  m a s s  provides  t h e  t o t a l  energy transformed p l u s  
t h e  change i n  t h e  k i n e t i c  energy of t h e  b a l l .  The k i n e t i c  energy l o s t  
by t h e  block i n c r e a s e s  monotonically as t h e  c o e f f i c i e n t  of r e s t i t u t i o n  
v a r i e s  from 0, t o  1. A t  a va lue  of  1. t h e  impact i s  p e r f e c t l y  elastie.  
The change i n  t h e  k i n e t i e  energy of t h e  b lock  i s  3 . 3  t i m e s  t h e  k i n e t i c  
energy i n  t h e  b a l l  moving a t  t h e  i n i t i a l  block v e l o c i t y .  I n  t h i s  case 
no block energy is transformed i n t o  work hea t  o r  sound. The graph shows 
t h a t  as i n  f i g u r e  6 t h e  energy transformed can never b e  g r e a t e r  than t h e  
k i n e t i e  energy of t h e  b a l l  moving a t  an impact v e l o c i t y  equal  t o  t h e  
relative v e l o c i t y  between t h e  two impacting masses. 

Both t h e  b a l l  and t h e  block are i n  motion i n  f i g u r e  8. The rela- 

V2)* This  i s  fou r  t i m e s  t h e  i n i t i a l  k i n e t i e  of t h e  

t ive v e l o c i t y  between t h e  masses i s  t h e  same V. The k i n e t i c  energy of 

t h e  b a l l  i s  4 (  

b a l l  i n  f i g u r e  6 ,  

I n  f i g u r e  6 t h e  b a l l  impacted a s t a t i o n a r y  block.  The maximum 
change i n  k i n e t f e  energy occurred f o r  t h e  b a l l  a t  a va lue  of e = 0.1, 
For t h i s  case t h e  b a l l  g ives  up a l l  of i t s  k i n e t i c  energy due t o  t h e  
re la t ive v e l o c i t y  between t h e  b a l l  and t h e  block.  
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The b lock  i n  motion impacts w i th  a s t a t i o n a r y  b a l l  i s  t h e  case 
graphed i n  f i g u r e  7. The change i n  energy of  t h e  block i s  always 
g r e a t e r  than  t h e  maximum change i n  energy i n  f i g u r e  6. 

Both masses are i n  motion i n  f i g u r e  8. The relative v e l o c i t y  of 
t h e  impact i s  t h e  same as i n  f i g u r e s  6 and 7 .  The b a l l  i n  f i g u r e  8 has 
a h i g h e r  level of k i n e t i c  energy than  t h e  b a l l  i n  f i g u r e  6.  
b a l l  i n  f i g u r e  8 has  t h e  most change i n  energy which is  several t i m e s  
t h e  k i n e t i c  energy f o r  t h e  b a l l  due t o  t h e  relative v e l o c i t y  of t h e  i m -  
pac t  as shown by t h e  h ighe r  va lues  f o r  N. For the  e las t lc  impact,  
e = 1 . 0  and N = 3.97.  Almost a l l  of t h e  i n i t i a l  k i n e t i c  energy of t h e  
b a l l  has  been t r a n s f e r r e d  t o  t h e  block,  and no energy is transformed 
i n t o  work, h e a t  o r  sound, 

Now t h e  

The energy transformed i n t o  work, h e a t ,  and sound i s  given by equa- 
t i o n s  (14) and (19) ,  I f  a s p h e r i c a l  r e a c t o r  containment vessel impacts 
i n t o  the  e a r t h ,  t h e  va lue  of t h e  mass r a t i o  i n  t h e  equat ions  approaches 
i n f i n i t y ,  and the  r a t i o  of K / ( K  + 1) approaches a va lue  of 1. A s  a 
c o l l i s i o n  approaches a p e r f e c t l y  p l a s t i c  impact,  t h e  va lue  of t h e  coef- 
f i c i e n t  of r e s t i t u t i o n  approaches 0. 
approaches t h e  va lue  1. Thus, equat ions  (14) and (19) show t h a t  t h e  maxi- 
mum k i n e t i c  energy transformed i n t o  work, h e a t ,  and sound i s  l i m i t e d  t o  
t h e  k i n e t i c  energy of t h e  smaller mass based on t h e  relative v e l o c i t y  
between the  masses. 

The term (1 - e2)  i n  the equat ions  

The t h r e e  s p e c i a l  cases i n v e s t i g a t e d  and graphed show t h a t  t h e  k i -  
n e t i c  energy exchanged dur ing  an  impact of two masses may be  several 
t i m e s  t h e  k i n e t i c  energy of t h e  smaller mass due t o  t h e  relative o r  impact 
v e l o c i t y .  
and sound i s  t h e  same f o r  a l l  cases. It Is t h e r e f o r e  concluded t h a t  t h e  
damage t o  t h e  b a l l  and t h e  b lock  i s  t h e  same f o r  e i t h e r  method of  t e s t i n g  
whether t h e  b lock  impacts a s t a t i o n a r y  b a l l ,  o r  t h e  b a l l  impacts t h e  sta- 
t i o n a r y  block when the  relative v e l o c i t y  between t h e  masses, the  mass r a t i o ,  
and t h e  c o e f f i c i e n t  of r e s t i t u t i o n  are t h e  same. 

The equat ion  f o r  t h e  k i n e t i c  energy transformed i n t o  work, h e a t ,  

As f a r  as t h e  method of  t e s t i n g  i s  concerned, s i m i l i t u d e  is  a t t a i n e d  
when t h e  m a s s  r a t i o ,  t he  c o e f f i c i e n t  of r e s t i t u t i o n ,  and t h e  re la t ive ve- 
l o c i t y  are t h e  same. 

CONCLUDING REMARKS 

Energy exchanges dur ing  t h e  p a r t i a l l y  inelastic impact of two masses 
having c o l l i n e a r  v e l o c i t i e s  were i n v e s t i g a t e d .  
r e s t i t u t i o n  and t h e  p r i n c i p l e  of t h e  conserva t ion  of momentum were app l i ed  
t o  o b t a i n  express ions  f o r  t h e  v e l o c i t i e s  a f t e r  the '  impact. 
f o r  t h e  change i n  t h e  k i n e t i c  energy of each mass were used i n  an energy 
ba lance  t o  o b t a i n  an equat ion f o r  t h e  t o t a l  k i n e t i c  energy transformed 
i n t o  work, h e a t ,  and sound. 

Newton's c o e f f i c i e n t  of 

Expressions 
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The equat ion  f o r  t h e  k i n e t i c  energy transformed w a s  found t o  be  a 
func t ion  of t h e  r a t i o  of t h e  two masses, t h e  c o e f f i c i e n t  of r e s t i t u t i o n  
and t h e  k i n e t i c  energy of t h e  smaller mass due t o  the  relative v e l o c i t y  
between t h e  two masses. The energy transformed i s  independent of which 
m a s s  has  v e l o c i t y  o r  i s  a t  rest as long as t h e  re la t ive v e l o c i t y  i o  con- 
s t a n t ,  The maximum amount of k i n e t i c  energy transformed i n  an impact i s  
equal  t o  o r  less than  the  k i n e t i c  energy of t h e  smaller m a s s  due t o  the  
relative v e l o c i t y  between t h e  masses. 

Two test procedures w e r e  considered.  In  t h e  f i r s t  procedure,  t h e  
s p h e r i c a l  model o r  b a l l  i s  a c c e l e r a t e d  up t o  test v e l o c i t y  and impacted 
i n t o  t h e  f a c e  of a s t a t i o n a r y  conc re t e  b lock ,  I n  t h e  second procedure,  
t h e  concre te  b lock  i s  acce le ra t ed  up t o  test v e l o c i t y  and impacted i n t o  
a s t a t i o n a r y  b a l l ,  Alehough t h e  change i n  t h e  k i n e t i e  energy of t h e  
b lock  i n  t h e  second tes t  procedure i s  much g r e a t e r  t han  the  change i n  
k i n e t i c  energy f o r  t h e  block i n  t h e  f i r s t  test procedure,  t h e  t o t a l  
energy transformed i n t o  work (block and b a l l  damage), h e a t ,  and sound i s  
t h e  same f o r  both test  procedures when t h e  relative v e l o c i t y  of t h e  im-  
pac t  is t h e  same. 

I n  comparing two methods of t e s t i n g ,  t h e  t o t a l  k i n e t i c  energy t r a n s -  
formed i n t o  work, h e a t ,  and sound i s  the  same when t h e  mass r a t i o ,  t h e  
c o e f f i c i e n t  of r e s t i t u t i o n ,  and t h e  re la t ive v e l o c i t y  of impact are t h e  
same f o r  both methods. 
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Figure  2. - Schematic of an impact tes t  of a 
moving concre te  b lock  and a s t a t i o n a r y  
model of a s p h e r i c a l  r e a c t o r  containment 
ve s s e l  . 

Figure  3. - Test  equipment for moving b lock  i m -  
pac t  wi th  a s t a t i o n a r y  model of a s p h e r i c a l  
r e a c t o r  containment ves se l .  



Figure 4. - Hollow sphere after impact at 
119 m/sec (392 ft/sec). 

Figure 5. - 6800 Kg(1500 l b )  reinforced con- 
crete block damaged in an impact with a 
stationary model of a spherical reactor 
containment vessel. 








